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ABSTRACT The hematopoietic-restricted transcription
factor GATA-1 is required for both mammalian erythroid cell
and megakaryocyte differentiation. To define the mechanisms
governing its transcriptional regulation, we replaced up-
stream sequences including a DNase I hypersensitive (HS)
region with a neomycin-resistance cassette by homologous
recombination in mouse embryonic stem cells and generated
mice either harboring this mutation (neoAHS) or lacking the
selection cassette (AneoAHS). Studies of the consequences of
these targeted mutations provide novel insights into GATA-1
function in erythroid cells. First, the necoAHS mutation leads
to a marked impairment in the rate or efficiency of erythroid
cell maturation due to a modest (4- to 5-fold) decrease in
GATA-1 expression. Hence, erythroid differentiation is dose-
dependent with respect to GATA-1. Second, since expression
of GATA-1 from the AneoAHS allele in erythroid cells is
largely restored, transcription interference imposed by the
introduced cassette must account for the “knockdown” effect
of the mutation. Finally, despite the potency of the upstream
sequences in conferring high-level, developmentally appro-
priate expression of transgenes in mice, other cis-regulatory
elements within the GATA-1 compensate for its absence in
erythroid cells. Our work illustrates the usefulness of targeted
mutations to create knockdown mutations that may uncover
important quantitative contributions of gene function not
revealed by conventional knockouts.

During the production of blood cells, pluripotent hematopoi-
etic stem cells generate progenitors that ultimately differen-
tiate along a single pathway (1). Precursors of erythroid cells
develop from multipotential progenitors, variably committed
to erythroid, megakaryocytic, and mast cell lineages. Studies
aimed at understanding how a erythroid cell program of gene
expression is established culminated in the identification of a
consensus DNA-binding site [the GATA motif (2)] that is
recognized by the hematopoietic-restricted zinc-finger tran-
scription factor GATA-1 (3-5). This nuclear protein is abun-
dant in several hematopoietic lineages (erythroid, mast,
megakaryocytic, and eosinophil) and present at lower level in
multipotential progenitors from which they arise (6). Sertoli
cells of the testis are the only nonhematopoietic cells known to
express GATA-1 (7).

Genetic studies in embryonic stem (ES) cells and mice
established an in vivo requirement for GATA-1 in the devel-
opment of both erythroid precursors and megakaryocytes (the
precursors of platelets) (8—11). Disruption of the X-linked
GATA-1 locus leads to embryonic lethality at the yolk sac
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stage due to extreme anemia (11). Primitive (i.e., yolk sac or
embryonic) red cell precursors lacking GATA-1 arrest at the
proerythroblast stage in vivo and appear to undergo apoptosis
(11), as do adult (i.e., fetal liver or definitive) precursors
generated in vitro from differentiation of GATA-1~ ES cells
(9). Megakaryocytes lacking GATA-1 fail to mature normally
and exhibit unrestrained proliferation rather than apoptosis
(10). Thus, GATA-1 function is required for cellular matura-
tion as well as for the proper balance between proliferation,
cell death, and differentiation in two related hematopoietic
lineages.

Of particular interest is how GATA-1 acts to control tran-
scription in erythroid cells. Although GATA-1 functions as a
potent transcriptional activator of simple reporter constructs
in nonhematopoietic cells (12, 13), GATA-1 lacking the “es-
sential” N-terminal activation domain remains fully active in
promoting terminal erythroid maturation (14). These obser-
vations and others (15, 16) suggest that the function of
GATA-1 relies on the presence of an associated cofactor (14).
Support for this model has been provided by the isolation of
an interacting protein (FOG) (17). Thus, the activity of
GATA-1 is regulated in part through critical protein—protein
interactions.

In considering how GATA-1 acts in hematopoietic cells, we
have also sought to define mechanisms governing the tran-
scriptional control of the GATA-1 gene. In this regard, we
recently identified a DNase I hypersensitive (HS) region
upstream of the erythroid GATA-1 promoter that confers
high-level, developmentally appropriate transgene expression
in mice (M.A.M., Y.F., R.A.S,, and S.H.O., unpublished data).
To determine the in situ role of these putative regulatory
sequences we replaced the HS region (and neighboring se-
quences) with a neomycin-resistance cassette by homologous
recombination in ES cells and examined the consequences
both in vitro and in vivo (10). As described here, these
experiments provide novel insights into GATA-1 function and
regulation in erythroid cells. Replacement of the HS region by
the neomycin cassette leads to reduced levels of GATA-1
mRNA and protein—a ‘“knockdown” mutation at the
GATA-1 locus. The principal effect of this mutation is a slower
rate or efficiency of erythroid cell maturation. Hence, differ-
entiation is dose-dependent with respect to GATA-1. We also
show that removal of the selection cassette by Cre-mediated
site-specific recombination (18) in ES cells restores GATA-1
expression in erythroid cells, thereby providing evidence for
transcriptional interference imposed by the introduced cas-
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sette (19-22). Our studies demonstrate that, despite the po-
tency of the upstream HS region in conferring efficient and
cell-restricted transgene expression in vivo, other cis-
regulatory elements normally present in the GATA-1 locus
compensate for its absence in erythroid precursor cells.

MATERIALS AND METHODS

neoAHS and AneoAHS ES Cells and Mice. The generation
of ES cells and mice has been described (10). The structures
of the modified loci were confirmed by Southern blot analysis
(see ref. 10) and by genomic PCR analysis using primer pairs
surrounding the IT exon, the neomycin-resistance cassette, and
the single loxP site of the AneoAHS locus (data not shown).
Primer pairs used were as follows: neomycin-resistance cas-
sette, GCCCGGTTCTTTTTGTCAAGACCG and CAGAA-
GAACTCGTCAAGAAGGCGA; IT exon, ACTCTTGCTC-
TCTTTTGCAG and AATCAGGAATGCAACATCTC; and
sequences flanking the loxP site, GTGTGAGAGTGGCTAT-
GTGC and GACCCATCCATCTCCTTTCC.

Hematological Analyses. Blood counts were obtained on a
Technicon H1 or H3 analyzer. Newborn blood was diluted in
acid/citrate/dextrose to obtain adequate volumes to perform
automated analysis. Peripheral blood smears were stained with
May-Grunwald-Giemsa.

Cell Culture and Colony Assays. In vitro cultures of single
cell suspensions of embryonic day (E) 11.5-13.5 fetal liver cells
were as described (23). In vitro differentiation of ES cells was
assessed by a two-step procedure (9, 24).

Detection of GATA-1 RNA and Protein. GATA-1 RNA
transcripts were assessed by semiquantitative reverse tran-
scription-PCR (RT-PCR) using total RNA isolated from
erythroid colonies or fetal liver erythroid cells. RT-PCR was
performed as described (9, 24) using primer pairs specific for
murine GATA-1 and a housekeeping transcript, hypoxanthine
phosphoribosyltransferase. Relative transcript levels were de-
termined by PhosphorImager (Molecular Dynamics) analysis.
Nuclear extracts were prepared from fetal liver cells as de-
scribed (25). Samples (2.5 ug per lane) were subjected to
Western blot analysis (26) using anti-GATA-1 monoclonal N6
antibody (Santa Cruz Biotechnology). Filters were reprobed
with rabbit antibody specific for transcription factor BKLF
(26) as a control for protein loading.

RESULTS

Targeted Replacement of the Upstream HS Site Region by
Homologous Recombination in ES Cells. The upstream region
of the GATA-1 locus contains two short noncoding 5'-exons
and their associated promoters (IT for I-testes and IE for
I-erythroid) and a DNase I HS site region (Fig. 1). Homolo-
gous recombination was employed to generate ES cells and
mice harboring two GATA-1 alleles, designated neoAHS and
AneoAHS (Fig. 1) as described (10). In the neoAHS locus a
neomycin-resistance cassette flanked by loxP recognition sites
replaces ~8 kb of upstream sequences including the HS region.
To eliminate transcriptional effects of introduced sequences,
Cre recombinase-mediated excision of the selection cassette
(18) was performed, yielding the AneoAHS allele in which only
a single loxP site remained. Southern blot analyses and
genomic PCR assays established the structure of the modified
GATA-1 loci in ES cells and mice (data not shown; ref. 10).

neoAHS, But Not AneoAHS, Mice Are Anemic and Exhibit
Poor Viability. Female mice heterozygous for either the
neoAHS and AneoAHS alleles were mated separately with
normal males. Among liveborn pups, males harboring the
neoAHS allele were greatly underrepresented (2% versus
expected 25%), whereas AneoAHS mice were present at near
the expected frequency (Table 1). Of the few affected neoAHS
pups obtained, most were noted to be very pale at birth; ~50%
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FiG. 1. Structures of wild-type, neoAHS, and AneoAHS GATA-1
alleles. The wild-type locus contains alternative first exons (IT and IE)
and a DNase I HS region (10). Exons are indicated by solid boxes. In
the neoAHS locus a loxP-flanked neomycin-resistance cassette re-
places ~8 kb lying between a BamHI site (B) and an artificial Xhol site
((Xh)) present in a A phage genomic clone used in the construction.
Cre-mediated excision of the neomycin-resistance cassette leaves a
single 1oxP site (indicated by the solid triangle) in the AneoAHS locus.

died within the first 48 hr postpartum (data not shown).
Hemoglobin levels and hematocrits of 1- to 2-day-old neoAHS
males were 6.1 = 1.1 and 29.0 = 2.6, as compared with 11 *
0.8 and 41.6 * 6.6 for controls and 8.7 * 0.6 and 31.7 * 2.7
for heterozygous females, respectively. Remarkably, pallor and
anemia evident at birth disappeared by 4-5 weeks of age.
Peripheral blood smears paralleled these changes. Blood
smears of newborns revealed abnormal circulating nucleated
erythroid precursors and erythrocytes. Adult erythroid cell
morphology was unremarkable (data not shown). Surviving
male neoAHS mice are fertile and have an apparently normal
lifespan. AneoAHS mice are normally viable and not anemic.

Embryos were also examined at various gestational ages
(Table 1). Whereas neoAHS and AneoAHS embryos were
found at the expected frequencies at the yolk sac stage,
neoAHS embryos were typically pale (Fig. 24) or dead by
E13.5-14.5 (Table 1). neoAHS embryos were not grossly
abnormal at the yolk sac stage (E9.5-12.5); AneoAHS embryos
appeared normal at all stages (data not shown).

Erythroid Maturation Is Abnormal in neoAHS Mice. Eryth-
ropoiesis in neoAHS embryos was perturbed at both yolk sac
and fetal liver stages of development, as shown by peripheral
blood smears (Fig. 2B). Primitive erythropoiesis was dysplas-

Table 1. Genotypes of neoAHS and AneoAHS matings
Age

E13.5- E9.5-
Postnatal 14.5 12.5 Adult E14.5

neoAHS matings
Total (no. of litters) 233 (33) 156 (38) 89 (10)
Males

wt (%) 87(37) 34 22

neoAHS (%) 52) 34% 18
Females

wt/wt (%) 52(22) 44 24

wt/neoAHS 89(38) 24 25

AneoAHS matings

Total (no. of litters) 89 (10) 21(2)

Males
wt (%) 22 (25) 4
AneoAHS (%) 18 (20) 9
Females
wt/wt (%) 24(30) 6
wt/AneoAHS (%) 25(24) 2

Heterozygous females were mated with wild-type (wt) C57B1/6
males.
*Five embryos were dead.
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F1G.2. Anemia and abnormal erythropoiesis in neoAHS embryos.
(A) Embryos at E13.5. (B) Peripheral blood smears at yolk sac (E11.5)
and fetal liver (E13.5) stages. Note binucleate primitive erythrocytes,
indicated by the arrows on the left and arrows with P on the right. Note
the presence of immature definitive erythroid cells (arrows with D) at
E13.5.

tic, characterized by mildly retarded cellular maturation and
reduced hemoglobin accumulation and frequent binucleate
erythrocytes (Fig. 2B). At the fetal liver stage (E13.5) circu-
lating definitive erythroid cells were largely arrested at the
proerythroblast stage of their development; few adult eryth-
rocytes were evident. Numerous binucleate primitive erythro-
cytes were also present (Fig. 2B). The total number of fetal
liver cells was reduced ~50% relative to control littermates
(data not shown).

To assess hematopoietic progenitors, colony assays were
performed using fetal liver cells of both neoAHS and
AneoAHS embryos. As summarized in Table 2, the frequencies
of early and late type erythroid colonies, known as burst-
forming unit erythroid (BFU-e) and colony-forming unit
erythroid (CFU-e), respectively, were not markedly different
from wild-type or heterozygous controls. Although the fre-
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F1G. 3. Impaired erythroid colony formation of neoAHS fetal liver

cells. CFU-e and BFU-e colonies were cultured as described. Note the
small size and pallor of mutant CFU-e colonies (4 and B) and the
increased nuclear/cytoplasmic ratio of stained erythroid cells (C and
D). neoAHS BFU-e are larger in size and less red in appearance (E and
F). BFU-e contain less mature and dysplastic erythroid precursors and
abundant megakaryocytes (G and H).

quency of neoAHS erythroid colonies was essentially normal,
their overall appearance, and the cells contained within them,
were abnormal (Fig. 3). CFU-e were greatly reduced in size
and contained proerythroblasts, as well as more mature ery-
throid cells, characterized by a nuclear/cytoplasmic ratio
larger than that of normal late normoblasts (Fig. 3 A-D).
BFU-e were abnormally large and appeared paler in color
(Fig. 3 E and F). Immature erythroid cells, dysplastic and dying
proerythroblasts and increased numbers of megakaryocytes
were prominent (Fig. 3 G and H). Fetal liver BFU-e and
CFU-e of AneoAHS mice were normal in number (Table 2)
and appearance (data not shown). Our findings establish that
the severe anemia seen in neoAHS embryos results from a
primary defect in the maturation of erythroid precursors
rather than a decreased number of erythroid progenitors.
The neoAHS Allele Is a Gene “Knockdown”. The phenotype
of neoAHS embryos is far less severe than that seen in
GATA-1~ embryos, which invariably die by E11 due to
proerythroblast arrest and apoptosis of primitive erythroid
precursors (11). We surmised, therefore, that we had created

Table 2. Hematopoietic colony assays of neoAHS and AneoAHS fetal liver cells

Colony type

BFU-e,
CFU-e BFU-e CFU-GM CFU-e mixed
neoAHS
wt/wt 4,800 = 1,200 56 + 15 360 + 21
wt/neoAHS 2,800 = 450 63+ 9 500 = 69
neoAHS* 3,300 = 820 38 +12 620 + 93
AneoAHS
wt/wt 3,100 = 840 29 +7
wt/AneoAHS 2,800 = 1,100 32+6
AneoAHS* 2,500 = 620 34+6

Fetal liver cells were cultured as described in Materials and Methods.

*Hemizygous males.
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a knockdown mutation and sought to determine the level of
expression. First, we assessed maturation and GATA-1 RNA
transcript levels in definitive erythroid colonies obtained by in
vitro differentiation of wild-type and neoAHS ES cells. Colo-
nies of neoAHS origin were less robust and paler in appearance
than wild-type controls and exhibited delayed erythroid cell
maturation (Fig. 4 A and B). These findings recapitulate the
behavior of fetal liver erythroid colonies obtained from mice
(Fig. 3). GATA-1 transcripts levels in pools of definitive
neoAHS erythroid colonies were 4.7-fold reduced compared
with wild type, as shown by semiquantitative PT-PCR analysis
(Fig. 4C). Analysis of primitive erythroid colonies obtained by
in vitro ES cell differentiation revealed a similarly modest
deficiency of GATA-1 RNA (data not shown). Consistent with
the presence of appreciable GATA-1 RNA, nuclear GATA-1
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FiG. 4. Decreased GATA-1 RNA and protein levels in neoAHS
erythroid cells. (4 and B) Appearance of representative definitive
erythroid colonies and cells obtained by in vitro differentiation of ES
cells. Colonies were harvested at day 5 after disaggregation of em-
bryoid bodies. Note the pallor of mutant colonies and the predomi-
nance of immature erythroid cells. (C) Semiquantitative RT-PCR
analysis of GATA-1 RNA transcripts. Assays were performed as
described (9) with 28, 30, and 32 cycles of PCR (shown by triangles)
and primer pairs specific for GATA-1 and hypoxanthine phosphori-
bosyltransferase (HPRT) (as an internal control). Relative band
intensities were quantitated by PhosphorImager analysis. (D). Western
blot analysis of fetal liver erythroid cell nuclear proteins. Wild-type
female (lane 1), heterozygous neoAHS female (lanes 2 and 3), and
hemizygous neoAHS males (lanes 4 and 5) are indicated.
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protein was detected in neoAHS erythroid cells by immuno-
fluorescence (not shown). Similar analyses of AneoAHS ery-
throid cells failed to reveal any appreciable deficiency of RNA
or protein (data not shown).

To examine the level of GATA-1 protein in vivo we per-
formed Western blot analysis of nuclear extracts of E13.5 fetal
liver cells. As shown in Fig. 4D, GATA-1 protein was decreased
~3- to 5-fold in abundance (relative to the transcription factor
BKLF) in hemizygous neoAHS males as compared with lit-
termate controls. Thus, in vitro and in vivo neoAHS erythroid
cells express a reduced, yet readily detectable, amount of
GATA-1. Similar analyses of AneoAHS erythroid cells failed
to reveal an appreciable deficit of GATA-1 protein (data not
shown).

DISCUSSION

Our studies of the hematopoietic-specific transcription factor
GATA-1 provide unique insights into the control of erythroid
cell differentiation. In addition, they illustrate the utility of
gene targeting of cis-regulatory elements for the generation of
partial loss-of-function, or knockdown alleles.
Concentration-Dependent Erythroid Maturation. Since its
discovery through DNA-binding assays (2, 4) GATA-1 has
been recognized to be an abundant nuclear protein, rather
than a transcription factor present in minute quantities in the
cell. Whether this aspect of GATA-1 control is critical to the
erythroid differentiation program has been obscure. Is the
amount of GATA-1 limiting for erythroid maturation? If so,
what might this suggest about the mechanism by which
GATA-1 acts? Prior data correlate increased GATA-1 levels
with possible biological effects. First, GATA-1 is expressed at
low levels in multipotential progenitor cells and accumulates to
high levels in committed erythroid precursors, consistent with
a role for increased GATA-1 protein in terminal maturation
(6). Second, GATA-1 may act positively at its own promoter
through high-affinity GATA-binding sites (27-29). Such au-
toregulation might function to “lock in” the differentiated
state. Finally, forced expression of GATA-1 cDNA in retro-
virally transformed chicken progenitors promotes develop-
ment along three lineages (erythroid, thromboblast, and eo-
sinophil), apparently in a concentration-dependent fashion

By creating the neoAHS allele, which is expressed at ~20%
of the wild-type level in erythroid precursors, we have been
able to address the extent to which erythroid cell maturation
depends on the abundance of GATA-1. Remarkably, ery-
throid maturation was perturbed in several respects. Though
less affected than definitive (or adult) erythropoiesis, primitive
(yolk sac) erythropoiesis was abnormal. Primitive erythrocytes
were dysplastic, characterized principally by frequent binucle-
arity. Although the significance of this latter finding is uncer-
tain, it may reflect an imbalance between cytoplasmic and
nuclear events controlled by GATA-1. Moreover, hemoglobin
accumulation in primitive erythroid cells appeared to be
decreased, although the majority of embryos at the yolk sac
stage seemed grossly normal. Definitive erythropoiesis was
more markedly perturbed. Cellular maturation was nearly
arrested at the proerythroblast stage, although the block to
differentiation was leaky and variable. The vast majority of
embryos died at the fetal liver stage due to this deficit. Some
survived to birth, at which time they were noted to be anemic.
Nonetheless, rare neoAHS mice recovered and survived to
adulthood. To account for this variability and the recovery of
liveborn animals, we postulate that mean expression of mRNA
from the GATA-1 locus within individual clones of erythroid
progenitors is displaced to a lower level in cells harboring the
neoAHS allele. Accordingly, recovery from neonatal anemia
reflects the in vivo selection of hematopoietic progenitors
destined to express the highest levels of GATA-1. Selection
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must be exerted at the progenitor stage, rather than in
maturing precursors; otherwise, anemia would not be cor-
rected at steady-state. Although concentration-dependent re-
programming of hematopoietic lineages has been described in
transformed chicken progenitors expressing GATA-1 (30), we
have failed to observe unequivocal shifts in the proportion of
various hematopoietic lineages in the face of absent (11) or
reduced GATA-1. This may reflect compensatory mechanisms
operative in vivo.

What might account for the critical dependence of the rate
or efficiency of erythroid maturation on the level of GATA-1?
Two possibilities may underlie our observations. First, abun-
dant GATA-1 protein might be needed to saturate available
GATA-binding sites in relevant target genes. If important
target cis-elements contained GATA-sites of relatively low
affinity, the extent of transcription necessary to complete the
differentiation program might be achieved only at high protein
concentrations. Alternatively, the requirement for abundant
GATA-1 might reflect the relatively inefficient assembly of
multiprotein complexes, which are likely to rely on individually
weak protein—protein interactions for their stability. We spec-
ulate that high levels of GATA-1 are necessary to drive free
GATA-1 into complexes with its cofactor, FOG (17), and
perhaps with other interacting zinc-finger proteins, such as Sp1
(31), EKLF (31), and Rbtn2/Lmo2 (32).

Knockdown Mutation by cis-Element Gene Targeting. Our
experiments underscore the value of modifying cis-regulatory
sequences in situ for the purpose of manipulating the output
from a gene locus. While replacement of the HS region and
neighboring upstream sequences with a neomycin-resistance
cassette selectively ablates GATA-1 expression in megakaryo-
cytes (10), the effect on expression in erythroid precursors is
more modest (i.e., only 4- to 5-fold). By producing a knock-
down mutation, we have revealed the concentration-
dependent role of GATA-1 in terminal erythroid maturation.
Restoration of GATA-1 expression and erythroid cell matu-
ration upon removal of the neomycin-selection cassette via Cre
recombinase-mediated excision (18) demonstrates that the
major effect of the neoAHS mutation on GATA-1 expression
is due to the introduction of a transcriptionally active element
into the chromatin domain, a form of transcriptional interfer-
ence occasionally observed in other gene targeted loci (19-22).
Of interest, replacement of the IT exon alone with the same
neomycin-resistance cassette fails to perturb expression from
the downstream IE promoter (cited in ref. 10). Therefore, the
position of the introduced cassette relative to other elements
within the GATA-1 locus determines the extent of promoter
interference.

Apparently normal erythroid differentiation in AneoAHS
mice indicates that the HS region is not strictly required in vivo
for GATA-1 gene transcription. It is likely that other cis-
regulatory elements remaining in situ within the locus com-
pensate for its absence. Thus, transcriptional control of the
GATA-1 gene within erythroid precursors is complex and
mediated by multiple elements. The full repertoire of these
elements remains to be defined.

Combinatorial mechanisms for transcriptional control are
likely to rely not only on the mere presence or absence of
specific components, but also on their relative abundances at
different stages of development or cellular maturation. The
findings reported here provide a clear example of this addi-
tional level of regulation. Our work suggests that it is important
to consider more closely the extent to which the levels of
critical regulatory proteins influence cellular differentiation.
As typical knockout experiments overlook such quantitative
contributions, targeting of cis-regulatory elements may pro-
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vide a useful strategy with which to study gene dosage effects
in vivo.
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